The study investigated the time course of the effects of acoustic and electric stimulation on the electrically evoked compound action potential (ECAP). Adult guinea pigs were used in acute experimental sessions. Bursts of acoustic noise and high-rate (5000 pulses/s) electric pulse trains were used as maskers. Biphasic electric pulses were used as probes. ECAPs were recorded from the auditory nerve trunk.
1. Introduction
Background
Hearing loss is a common problem in the modern world. Electrical stimulation of the auditory nerve by a cochlear implant (CI) is the method of choice for treatment of severe and profound sensorineural hearing loss (NIH Consensus Statement, 1995) . Recent advances in CI design, stimulation paradigms, and surgical techniques have led to changes in CI candidacy criteria, specifically, lowering the degree of hearing loss used as an indication for implantation. Consequently, patients with some degree of residual acoustic hearing are receiving CIs (NIH Consensus Statement, 1995; Cohen, 2004; Copeland and Pillsbury, 2004) . The functionality of the remaining hair cells may be preserved in patients with residual hearing following implantation (Kiefer et al., 2002; Skar_ zyń ski et al., 2003; Gstoettner et al., 2006) . This can be accomplished with a ''soft'' surgical approach (i.e., as atraumatic to the cochlea as possible) and the use of modified electrode arrays, inserted into the cochlea to a limited depth.
Clinical studies indicate that it is possible to take advantage of residual acoustic hearing in these cases for better speech comprehension -especially in noisy environments -and improved aesthetic quality of perceived sounds (von Ilberg et al., 1999; Gantz and Turner, 2004; Gstoettner et al., 2006; Turner et al., 2004; Kiefer et al., 2005; Gantz et al., 2006; Skar_ zyń ski et al., 2006) . This can be achieved by employing combined electric and acoustic stimulation (EAS) of the auditory periphery with a CI and a hearing aid.
Damage to hair cells associated with sensorineural hearing loss is usually not uniform throughout the cochlea. Hair cells in the base of the cochlea are more susceptible to damage than those in the apex (Hinojosa et al., 1995 (Hinojosa et al., , 2001 Sha et al., 2001) . In a typical clinical case of EAS, a certain spatial segregation between areas of electric and acoustic stimulation within the cochlea may be expected (Wilson et al., 2003) . It may be presumed that the CI, inserted into the basal turn of the cochlea, electrically excites mainly the higher-frequency region, which is devoid of hair cells. On the other hand, the apical (low frequency) portion of the implanted cochlea may have functional hair cells and thus be sensitive to acoustic stimulation provided by the hearing aid.
Nevertheless, populations of auditory nerve fibers (ANFs) receiving the two types of stimulation may overlap in the implanted cochleae (Kiefer et al., 2005) . Therefore, the influence of one type of stimulus on responses to the other may be expected in the auditory periphery. Clinical studies on patients receiving EAS suggest that overlapping of the frequency ranges represented by acoustic and electric stimulation may be either advantageous or detrimental for auditory perception (Wilson et al., 2002; Kiefer et al., 2005) . Acoustic simulations of EAS in normal-hearing listeners predict better speech recognition when there is no overlapping between the acoustic and simulated ''electric'' frequency representation maps, and when the gap between them is minimized (Dorman et al., 2005) . In order to take advantage of acoustic-electric interactions that may occur in the auditory nerve, or to minimize their possible antagonistic effects on auditory perception, it is important to characterize them and to understand the underlying mechanisms.
Previous relevant research
Previous work in our laboratory addressed the effects of hair cells on auditory nerve responses to electric stimuli. A study by Hu et al. (2003) described electrically evoked compound action potentials (ECAPs) of the auditory nerve in guinea pigs temporarily deafened with furosemide. It was found that the presence of functional hair cells could affect the ECAP in several ways. Following furosemide treatment, ECAP growth functions exhibited greater saturation response amplitudes and steeper slopes compared to those recorded prior to the treatment. Stimulation with electric pulse trains produced smaller ECAP amplitude alternation and less adaptation, as demonstrated by greater adapted and refractory response amplitudes in ears with intact hair cell function. Miller et al. (2006) reported higher thresholds and greater dynamic ranges of single-fiber responses from acoustically sensitive cats compared to chemically deafened subjects. These observations led to a hypothesis that, relative to responses from deaf ears, the presence of hair cells had a desynchronizing effect on the electrically evoked response of the auditory nerve due to spontaneous neurotransmitter release.
Studies in our laboratory have also addressed effects of simultaneous acoustic stimulation on the ECAP. Acoustic stimulation has been demonstrated to produce a masking effect on the auditory nerve responses to single electric pulses . Specifically, the ECAPs exhibited a decrease in amplitude in the presence of wideband acoustic noise. Spatial properties of the observed interference of acoustic and electric stimuli were addressed by manipulating the spectral content of the acoustic noise masker . It was found that for high-pass cut-off frequencies of an acoustic masker below 3-4 kHz, the amount of masking was independent of the cut-off frequency. As the electric probe stimulus was delivered to the basal portion of the cochlea, it was inferred that interaction between acoustic and electric stimuli was mainly occurring in the ANFs that innervated the base of the cochlea.
Masking of electrically evoked responses was also observed at the single-fiber level. The effects of an acoustic masker on single-unit response properties (threshold, jitter, and relative spread) were addressed by Abbas et al. (2003) and Miller et al. (2003) . All three measures exhibited a positive correlation with the intensity level of the acoustic masker, thus indicating a general desynchronizing effect of acoustically driven activity on single-unit responses.
To investigate temporal properties of acoustic-electric interactions, effects of acoustic stimulation on auditory nerve responses to electric pulse trains presented at 250 pulses per second (pps) were studied using the ECAP and single-fiber measures Miller et al., 2004) . We observed decreased ECAP amplitudes as well as increased single-fiber thresholds and reduced firing synchrony in response to electric pulse trains during -as well as after -stimulation with broadband acoustic noise. Our findings suggested that acoustically driven activity had a desynchronizing simultaneous effect on the response of the ANFs (thereby reducing their contribution to the ECAP) and produced a cumulative post-stimulatory effect that reduced neural responses following the cessation of the acoustic stimulus. Part of this post-stimulatory effect was hypothesized to be due to suppression of ANF spontaneous activity by prior acoustic stimulation (Kiang et al., 1965 ).
Aims and hypotheses
The major goal of the present study was to provide a detailed description of the temporal properties of acous-tic-electric interactions at the level of the auditory nerve. Responsiveness of the auditory nerve can decrease over the course of repeated electric stimulation (Haenggeli et al., 1998; Matsuoka et al., 2000) . Our previous study of masking of the ECAP with acoustic noise demonstrated that the magnitude of the masking effect decreased with the probe pulse stimulation rate . This suggested that there was an interaction between adaptation to electric stimulation and acoustic masking of the electrically evoked response. To investigate the time course of acoustic-electric interactions while avoiding adaptation induced by electric stimulation, ideally, a single electric probe pulse would be presented at different times relative to the acoustic stimulus. However, such a paradigm would be prohibitively slow for obtaining a reasonable temporal resolution. An electric pulse rate of 5 pps was expected to produce no significant adaptation effects (Haenggeli et al., 1998; Matsuoka et al., 2000) , so we chose such a low rate pulse train as the probe stimulus in the present study. As responses to each individual electric pulse within such a train are expected to be independent from preceding pulses, these stimuli were referred to as single pulses throughout the manuscript.
The first aim was to characterize the simultaneous effects of acoustic stimulation on the auditory nerve responses to electric stimuli. Acoustically evoked activity is expected to put the ANFs in a state of refractoriness and, consequently, increase excitation thresholds and desynchronize the population response to simultaneously presented electric stimuli. As the magnitude of the ECAP depends on firing rate as well as across-fiber firing synchrony, it was hypothesized that the simultaneous effect of acoustic stimulation would decrease ECAP amplitudes in response to pulsatile electric stimuli. Such a masking effect was hypothesized to be dependent on the amount of acoustically driven activity. Thus, the simultaneous masking effect should increase with level of the acoustic stimulus, and decrease over time due to peripheral auditory adaptation to the acoustic stimulus.
The second aim of this study was to assess post-stimulatory effects of acoustic stimulation on electrically evoked responses in the auditory nerve. Acoustic stimulation may be expected to put the ANFs in adapted states and thus decrease the ANF excitability to subsequent electric stimuli. Adaptation to the acoustic stimulus is also expected to produce a decrease in spontaneous activity, which could be expected to result in an enhancement of the auditory nerve gross-potential response to electric stimuli. As neural adaptation and decrease in spontaneous activity will have opposite effects on the electrically evoked population response of the auditory nerve, they may produce a complex temporal response. We hypothesized that acoustic stimulation would affect the auditory nerve responses to electric stimuli presented after the cessation of the acoustic stimulus, and the magnitude of the poststimulatory effects would increase with the duration of the acoustic stimulus.
The third aim of the present study was to characterize the recovery of electrically evoked responses in the auditory nerve following electric stimulation, and compare it with recovery following acoustic stimulation. Such a comparison was based on a qualitative description of the shapes of recovery functions, and on a quantitative description of the time constants of recovery. Hair cell activity can affect electrically evoked responses of the auditory nerve (Moxon, 1971; Hu et al., 2003) and thus may play a role in ECAP recovery from electric masking. Specifically, a high-rate electric masker stimulus might depolarize inner hair cells which, in turn, would release the neurotransmitter. This could result in a depletion of the neurotransmitter store in the inner hair cells over the duration of the electric masker stimulus and a transient decrease in spontaneous activity in the auditory nerve after the masker offset. From that perspective, it may be hypothesized that recovery of spontaneous activity might contribute to ECAP amplitude recovery following high-rate electric stimulation. To address this possibility, ECAP forward masking was assessed before and after using chemical treatments to impair functionality of the hair cells. After such treatments, temporal properties of auditory nerve responses would presumably be dominated by mechanisms in the neuronal membranes rather than by a combination of hair cell and membrane mechanisms.
The two chemicals used for deafening were furosemide, a loop diuretic, and neomycin, an aminoglycoside antibiotic, each of which has specific advantages. Furosemide is applied systemically (i.v.) rather than locally, and therefore its administration does not risk direct mechanical trauma to the cochlea. As the effect of furosemide on hearing is reversible, it allows for A-B-A type comparisons, which are useful for assessing the experimental stability and attributing the effects to hair-cell functionality . Furosemide indirectly impedes hair cell function by inhibiting the function of the stria vascularis (Pike and Bosher, 1980; Ruggero and Rich, 1991) and reducing the endocochlear potential. Administration of furosemide has been demonstrated to correlate with decreases in spontaneous activity and threshold elevations in ANFs (Sewell, 1984a (Sewell, , 1984b Searchfield et al., 2004) . A limitation of using furosemide is a relatively brief period (on the order of minutes) of complete hearing loss following its administration . Consequently, only a limited amount of data can be collected in the deafened condition.
Aminoglycoside antibiotics such as neomycin are commonly used to produce deaf animal models for CI studies (Leake-Jones et al., 1982; Miller et al., 1998) . Treatment with neomycin causes irreversible damage to hair cells (Anniko and Møller, 1978) , thereby not subjecting the experimenter to the time limitations inherent with furosemide use. A disadvantage of using neomycin in an acute experimental setting is that intracochlear administration of the drug requires direct replacement of cochlear fluids and thus implies possible mechanical trauma to the cochlear structures, which could affect electric current paths and complicate before-and-after treatment comparisons. In addition, acute intracochlear administration of neomycin can damage the auditory nerve (Leake-Jones et al., 1982) .
Portions of this study have appeared previously in abstract form (Nourski et al., , 2005c .
Methods

General approach
Nineteen adult albino guinea pigs (weight range 450-820 g), free from middle ear infection, were used in acute experimental sessions. In all experiments, evoked activity in the auditory nerve was assessed by measuring ECAP amplitudes produced in response to electric pulses. These electric pulses were referred to as probe stimuli. The masker stimuli used in the present study were bursts of broadband acoustic noise and high-rate electric pulse trains. They were presented simultaneously with, and prior to, presentation of the probe stimuli, to assess simultaneous and forward masking of the ECAP, respectively. As forward-masking functions reflect a recovery of the response to the probe stimulus following stimulation with the masker stimulus, the terms ''forward masking of the ECAP'' and ''ECAP recovery'' were used interchangeably throughout the manuscript.
Surgical preparation
Initial anesthesia was accomplished with a combination of ketamine hydrochloride (40 mg/kg), xylazine hydrochloride (7.5 mg/kg), and acepromazine maleate (0.5 mg/kg), administered intramuscularly. To reduce mucosal secretion, a single dose of atropine sulphate (0.05 mg/kg) was given subcutaneously at the beginning of the experimental session. After anesthesia was induced, the right external jugular vein was surgically exposed, and a catheter was inserted to provide a route for hydration with lactated Ringer's solution. Then the animal was tracheotomized and connected to a ventilator (Harvard Apparatus model 665) with an O 2 supply (tidal volume 5 ml, respiration rate 50-55 cycles/min). Partial pressure of CO 2 in the expired air and respiration rate were monitored with a capnometer (BCI model 9004). Peak CO 2 partial pressure was maintained at 25-35 mmHg. Core temperature, heart rate, and blood oxygen saturation were monitored with a vital signs monitor (PaceTech model 4000B). Core temperature was maintained at 38.5 ± 0.5°C with a heating pad and drapes. The level of anesthesia was assessed every 30 minutes using a paw-pinch reflex, and maintenance anesthesia (ketamine 20 mg/kg, xylazine 3.75 mg/kg, acepromazine 0.375 mg/ kg) was given as needed.
The animal's head was immobilized with a custom-made head holder. After a subcutaneous injection of lidocaine hydrochloride (1%) with epinephrine (0.001%), an incision above and posterior to the left auricle was made. The skin flap and underlying muscles were retracted to expose the bulla. The cartilage of the left ear canal was cut to facilitate coupling with a speculum and earphone for acoustic stimulation. Next, a defect in the lateral wall of the bulla was made with a cutting burr to expose the cochlea. A cochleostomy was performed using a 30 gauge needle. It provided access to the scala tympani of the basal cochlear turn to allow for intracochlear electric stimulation. The left parietal bone superior to the external auditory meatus was thinned with a cutting burr and removed with a rongeur to expose the flocculus of the cerebellum. The flocculus was then retracted medially with two cotton balls to provide access to the auditory nerve trunk for the recording of evoked potentials.
Four subjects were temporarily deafened with 1% furosemide. Following the protocol of Hu et al. (2003) , furosemide was delivered intravenously through a catheter in the right external jugular vein over a one-minute interval, at a dose of 80-100 mg/kg. The effectiveness of the deafening procedures was confirmed by measuring acoustically evoked compound action potentials (ACAPs) in response to click stimuli, following the approach of Hu et al. (2003) . An absence of ACAP in response to the highestlevel acoustic clicks (105 dB sound pressure level, SPL) following drug administration, which corresponded to a shift of acoustic sensitivity of at least 60 dB, was required for including a subject in this experiment. The temporarily deafened condition was defined by absence of ACAP in response to 105 dB SPL acoustic clicks both immediately prior to and immediately after data collection.
Three subjects were acutely deafened with 10% neomycin sulfate. Following the approach of Miller et al. (1998) , perilymph was gently aspirated with a microsyringe via the round window and replaced, over a period of several minutes, with small boli ($10 ll) of neomycin until a volume of 50 ll was delivered. The same criterion (zeroamplitude ACAP in response to 105 dB SPL acoustic clicks) was used for inclusion of a subject in this experiment.
Stimulation and recording were performed in a doublewalled sound booth. After the experimental session, the animal was euthanized by an overdose of pentobarbital sodium. Surgical and experimental protocols were approved by The University of Iowa Animal Care and Use Committee, and were conducted according to the animal use standards of the National Institutes of Health.
Stimulus presentation
Acoustic and electric stimuli presented in experimental sessions were generated by a 16-bit digital-to-analog converter at a sampling rate of 100,000 samples/s. The converter was controlled by custom software written using LABVIEW Ò programming environment. Acoustic clicks were produced by driving an earphone (Beyerdynamic model DT-48) with biphasic pulses (100 ls/phase, alternating polarity) via an attenuator (Hewlett-Packard model 350C), and a custom-designed impedance-matching transformer. The clicks were presented at a rate of 33 per second. Bursts of broadband (20 Hz-20 kHz) acoustic noise were produced by a noise generator (Grason-Stadler model 455C) and gated by an electronic switch (Wilsonics model BSIT) using a rise/fall time of 1 ms. The gated output of the generator was fed to the attenuator, the transformer, and the earphone coupled to an otoscopic speculum. The sound pressure level (SPL) in the ear canal in individual subjects was estimated using a 1/4-in. condenser microphone (Radio Shack model 33-3013) coupled to the speculum. The highest noise level was approximately 105 dB SPL (overall level).
For electric stimulation of the auditory nerve, an electrode made from Teflon-insulated Pt/Ir (90/10%) wire (a 1 mm length stripped of its insulation) was used. The electrode was inserted through the cochleostomy into the scala tympani, to a depth of about 1 mm. A return needle electrode was placed in the left forepaw to facilitate monopolar intracochlear electric stimulation.
Biphasic (40 ls/phase, cathodic polarity-first) rectangular electric pulses were delivered to an optically isolated, capacitatively coupled current source. The output of the current source was monitored with an oscilloscope through an optically isolated amplifier. Fig. 1 presents the stimulus paradigm used to evaluate the time course of simultaneous and post-stimulatory effects of acoustic noise on the ECAP evoked by single electric pulses. Electric probe pulses were presented at a rate of 5 pps. A series of combined ''acoustic masker and electric probe'' stimuli was presented with the electric pulses delayed relative to the onset of acoustic noise. Within each such series, this delay, Dt, was increased from 0 to 150 ms in approximately logarithmic steps (Dt = 0, 1, 2, 3, 4, 5, 7, 10, 15, 20, 35, 50, 70, 100, and 150 ms) . Each series of fifteen combined electric and acoustic stimuli was followed by an electric probe-only control (stimulus 16 in Fig. 1 ). Responses to probe pulses within each stimulus (1-16) were averaged independently.
The duration of the acoustic noise burst was 400 ms in most experiments. The silent interval between bursts of noise was set to 1200 ms to avoid cumulative across-stimulus effects of acoustic noise on the auditory nerve responses.
Forward masking of the ECAP with high-rate electric stimulation was studied using a similar stimulus paradigm. An electric pulse train, presented at a rate of 5000 pps with a 400 ms duration, was used as the masker. Electric probe pulses were presented following the offset of the masker train at rate of 5 pps. A series of fifteen combined masker and probe stimuli was presented with the masker-probe interval increasing from 0 to 150 ms using the same steps as in the acoustic masking experiment described above. The silent interval between masker pulse trains was set to 1200-1600 ms to minimize auditory fatigue effects. Each series of 15 masker and probe combinations was followed by a probe-only control.
Response recording
Evoked potentials were recorded from the auditory nerve in a bipolar mode, using a pair of Pt/Ir (90/10%) ball electrodes with insulated shanks. The positive input electrode was placed about 1 mm superior to the nerve trunk, and the negative-input reference electrode was positioned 2 mm superior to the positive input. The space around the recording electrodes was filled with saline. A ground needle electrode was placed in neck muscle.
The recorded potentials were amplified with a relatively low gain of 20 dB to avoid saturation of the amplifier (DL Instruments model 1201) by the electric stimulus artifact. The recordings were low-pass filtered (6 pole Butterworth, 30 kHz cutoff, 120 dB/decade slope) and digitized by a 16-bit analog-to-digital converter at a rate of 50,000 samples/s for subsequent analysis. Acoustic sensitivity was assessed by measuring the ACAPs in response to click stimuli and determining a threshold response. ECAP growth functions were obtained by presenting single biphasic electric pulses (40 ls/phase) at different levels. ACAP thresholds and ECAP growth functions were obtained repeatedly throughout the course of each experiment, to monitor the stability of the animal preparation.
Data analysis
Click-evoked ACAP thresholds were determined using a visual criterion. The data presented in this study were obtained from acoustically sensitive animals that exhibited acoustic threshold shifts of 15 dB or less throughout the duration of the experimental sessions. ECAP amplitudes, analyzed using custom-designed software written in the MATLABÒ Version 6.1 programming environment, were measured from the first negative peak, N 1 , to the following positive peak, P 2 (Miller et al., 1998) . The latencies of the N 1 peak were approximately 0.4-0.5 ms. This indicated that the measured responses were generated by direct depolarization of ANFs rather than through a hair cell related mechanism (b or d responses) (Moxon, 1971; van den Honert and Stypulkowski, 1984) .
Responses were collected at several stimulus levels to construct ECAP growth functions. To facilitate inter-subject comparison, stimulus levels for electric probe stimuli were chosen based on growth functions normalized to their saturation (maximum) amplitude. In most experiments, electric probe pulses were presented at current levels that produced a response corresponding to 40%, 60%, 80%, and 95% of saturation response amplitude. Electric masker pulses were presented at levels corresponding to 5%, 20%, 40%, and 60% of saturation response amplitude.
To provide a relative measure of the effect of the masker stimulus on the response to the probe, response amplitudes obtained in the combined masker and probe condition were normalized to those of the probe-only condition and plotted for each probe pulse as a function of time. Changes in ECAP amplitude during and after presentation of the masker stimuli (simultaneous and forward-masking functions) were described by fitting exponential functions to normalized ECAP amplitude data (see Section 3.6. for a description of the models). Model parameters were fit using the MarquardtÀLevenberg least-squared error algorithm with SigmaPlot version 7.101 software. Fig. 2 demonstrates an example of changes in the ECAP in response to single electric pulses presented with different delays relative to stimulation with broadband acoustic noise. When electric probe pulses were presented simultaneously with acoustic noise (simultaneous masking), ECAP amplitudes in response to them decreased compared to the probe-only condition (indicated by a dashed line in Fig. 2) . The maximum decrease of ECAP amplitude was observed shortly after the onset of the noise (''onset effect'' in Fig. 2) . ECAP amplitudes to pulses presented with greater delays relative to the masker onset gradually increased to an asymptote (''steady-state effect'' in Fig. 2 ). The transition from the onset of the masking effect to the steady state followed, approximately, an exponential time course.
Results
General features
ECAP amplitudes to pulses presented after the offset of the acoustic stimulus often exhibited non-monotonic changes over time. The ECAPs underwent a rapid phase of recovery within several milliseconds after the masker offset. This was followed by a transient decrease in response amplitudes and then further recovery to amplitudes corresponding to the unmasked control condition. This pattern was observed in all subjects (but not all stimulus conditions), in which ECAP recovery from masking was studied (n = 13). Fig. 3 presents examples of acoustic-electric interactions across stimulus levels. The effects of changing masker and probe levels are shown in Fig. 3a and b, respectively. In Fig. 3 , and in following figures that demonstrate simultaneous and forward-masking functions, ECAP amplitudes in response to probe pulses are presented in normalized form (relative to probe-only responses). To clearly indicate the onset masking effect of noise, minimum normalized ECAP amplitudes within 5 ms following noise onset are re-plotted in Fig. 3 on the left side of the graphs. Fig. 3a demonstrates an example of the effects of acoustic noise presented at four different levels on responses to fixed-level electric probe pulses. Higher masker levels produced greater decreases in the normalized response to the probe both at onset and in steady-state, corresponding to a greater masking effect. The post-stimulatory effects of noise were also greater at higher masker levels. These trends were consistently observed in all subjects for which the acoustic noise was presented at several levels (n = 5).
Level effects
The effects of a fixed-level acoustic masker on ECAPs evoked by different level electric probes are illustrated in Fig. 3b . Greater post-stimulatory effects of noise were observed in responses to probe stimuli presented at lower intensities. This finding was consistent across subjects, for which the effects of probe stimulus level were examined (n = 12). A fixed-level masker produced comparable onset effects on responses across probe levels, but smaller steady-state effects as probe level was increased.
Onset of the masking effect
The examples of masking functions presented above (Figs. 2 and 3 ) demonstrated that onset of the masking effect of acoustic noise on the ECAP was relatively abrupt, but not instantaneous. Given the transient nature of some speech signals, the timing of the onset effect of acoustic stimulation on the ECAP may be particularly relevant to the acoustic-electric interactions that could occur in CI users with significant residual acoustic hearing. Furthermore, a precise description of the timing of the onset effect may be important for an accurate mathematical description of the time course of masking.
To investigate this effect in greater detail, relatively brief (10 ms) acoustic noise bursts were used as masker stimuli. Single electric probe pulses were systematically presented at different delays relative to the noise burst. To achieve good temporal resolution, the delay between the onset of the masker and the presentation of the probe was increased from 1 to 9 ms in 0.2 ms steps.
Examples of masking functions obtained from two subjects, using this approach, are shown in Fig. 4 . In Fig. 4a , the masking functions for four different noise levels are presented under a fixed probe level condition. In Fig. 4b , the effects of a fixed-level masker on responses to probe stimuli of four levels are shown. Plots of normalized ECAP amplitudes in response to pulses demonstrate that the masking effect of acoustic stimulation is not instantaneous. The maximum effect on ECAP amplitude (i.e., the minimum amplitude compared to the control) had a latency of 3-4 ms following onset of acoustic noise. Fig. 4a illustrates that the latency, as well as the relative magnitude of the onset effect, were dependent on acoustic masker level, with the maximum decrement occurring earlier at higher masker levels. In contrast, masking functions obtained for different probe levels using a fixed-level masker exhibited very similar latency and shape (Fig. 4b) .
The latency of the masking effect of acoustic noise illustrated in Fig. 4 may be the result of several factors. These include delays associated with propagation of the acoustic stimulus and the synaptic delay. In addition, the acoustic noise stimuli were gated with a 1 ms rise/fall time, and thus the envelope of the acoustic stimulus might also contribute to the latency of the masking effect.
Duration effects
A remarkable feature of forward masking of the ECAP with acoustic noise was that it often featured a non-monotonic time course. Our previous results, obtained using 250 pps pulse-train probe stimuli, demonstrated that the post-stimulatory effects of acoustic noise on the ECAP were duration-dependent . Fig. 5 explores these duration effects, using a single probe pulse paradigm to compare recovery of the ECAP from masking with relatively short and long duration acoustic noise maskers (200 and 1600 ms, respectively). Note that in this figure, normalized ECAP amplitudes are plotted as functions of masker-probe interval (i.e., the time after masker offset), thus focusing on the post-stimulatory recovery of the ECAP. Fig. 5 demonstrates that the greater masker duration produced a slower post-stimulatory recovery of the ECAP. The recovery was incomplete at 300 ms following the offset of the 1600 ms masker in all three subjects. In addition, the greater masker duration produced a more pronounced non-monotonic time course of the forwardmasking functions (particularly, in subjects J12 and J22). These trends are consistent with the electric pulse-train data presented previously .
3.5. Forward masking of the ECAP by high-rate electric stimulation in hearing and deafened subjects
To study ECAP electric forward masking, we first addressed the effects of stimulus level on ECAP recovery following high-rate pulse-train stimulation. Fig. 6 shows examples of recovery functions from two subjects. ECAP amplitudes in response to probe pulses are plotted as functions of masker-probe interval. In Fig. 6a , the probe level was fixed and the masker level was varied. ECAP recovery functions could assume different shapes. Recovery from lower-level maskers (0.32 and 0.42 mA) was relatively fast and monotonic. Higher masker levels (0.50 and 0.56 mA) produced a non-monotonic recovery pattern. In these cases, a fast recovery phase was followed by a plateau or a depression in ECAP amplitude and then a slower phase of recovery. Fig. 6b demonstrates the effect of a constant-level masker on responses to probe pulses presented at different levels. A fixed-level masker produced greater masking on lower-level probe stimuli. Non-monotonic patterns of recovery from masking were evident across probe stimulus levels.
The examples presented in Fig. 6 demonstrate that ECAP recovery from high-rate electric stimulation depends upon level. Comparison between panels a and b suggests that an increase in the masker level relative to the probe could produce greater masking and a slower ECAP recovery. To further investigate this trend, the effect of the high-rate electric masker was measured in data from eight subjects as the normalized ECAP amplitude to the probe pulse presented immediately after the masker offset (a masker-probe interval of 0 ms). It was found that masker stimuli presented at levels lower than half the current level of the probe had a relatively small (<10% decrease compared to unmasked control) effect on the response to the probe pulse presented immediately after the masker offset. In contrast, the masker presented at a level equal to or greater than that of the probe produced a large (>90% decrease) masking effect on the response to the probe (data not shown).
Next, we addressed the question of whether the nonmonotonic pattern of ECAP amplitude recovery from high-rate electric stimulation reflects the recovery of spontaneous activity. For this purpose, ECAP recovery from masking was measured before and after using chemical treatments (furosemide and neomycin) that impair functionality of the hair cells.
Immediately after furosemide injection, ACAP amplitudes in response to high level (105 dB SPL) test clicks decreased to zero and, after a relatively short period of time (several minutes), underwent a gradual recovery. ECAP amplitudes in response to single electric pulses exhibited a considerable increase immediately after furosemide treatment, and then decreased to the normal baseline level.
ECAP forward-masking functions obtained from four subjects before furosemide injection, immediately after the treatment, and following recovery of acoustic sensitivity (as assessed by the ACAP), are shown in Fig. 7 . In three subjects (J25, J45, and J62) out of four, the non-monotonic pattern of ECAP recovery was observed in both the hearing and the deafened conditions. Fig. 8 presents comparisons of ECAP forward-masking functions obtained in three subjects before and after deafening with neomycin. Following administration of neomycin, ACAP amplitudes in response to 105 dB SPL test clicks decreased to zero and exhibited no recovery during the rest of the experimental sessions. In two subjects (J13 and J24) out of three, the non-monotonic time course of ECAP recovery was observed in hearing as well as deafened conditions.
These data demonstrate that non-monotonic recovery of the ECAP cannot be attributed solely to the recovery of spontaneous activity of hair cells, as the chemical treatments are expected to abolish or greatly reduce that activity.
Phenomenological models
To provide a quantitative description of the time course of simultaneous and forward masking, we performed a nonlinear regression analysis of the simultaneous and forward-masking functions. Simultaneous masking of the ECAP with acoustic noise appeared to follow an exponential time course (see Figs. 2 and 3) . We attempted to describe it by fitting an exponential function to the data. Single exponential equations with three free variables (a time constant, an asymptote to account for steady-state masking effect, and a time offset to account for the latency of the masking effect) did not completely provide good fits to the data. Specifically, in many cases, a single exponent could not adequately model the initial ''rapid'' phase of simultaneous masking (a relatively sharp increase in ECAP amplitude within several milliseconds following the onset effect). Therefore, a second exponential component was added to the equation. The following model was used to describe the time course of simultaneous masking of the ECAP with acoustic noise:
where A is the normalized ECAP amplitude; t is the time after masker onset; t 0 is the latency of the onset effect; A s1 , A s2 are the magnitude coefficients (A s1 P 0, A s2 P 0); s s1 , s s2 are the rapid and short-term time constant, respectively (s s1 < s s2 ); A ss is the steady-state masking. ECAP forward-masking functions often had a nonmonotonic shape (see Figs. 2 and 3) . A non-monotonic pattern of recovery was observed in 62 acoustic forwardmasking functions out of a total of 100, obtained from thirteen subjects. To account for this, we used two exponential components to describe the recovery of the ECAP, and introduced a third component with an opposite sign. The model for the description of forward masking of the ECAP therefore included two recovery components and one enhancement component:
where A is the normalized ECAP amplitude; t is the masker-probe interval (time after masker offset); t 0 is the latency; A p1 , A p2 , A p3 are the magnitude coefficients (A p1 P 0, A p2 P 0, A p3 P 0); s p1 , s p2 are the rapid and short-term recovery time constant, respectively (s p1 < s p2 ); s p3 is the enhancement time constant. Fig. 9 demonstrates an example of regression analyses of simultaneous and forward-masking functions using the equations presented above. In Fig. 9a , normalized ECAP amplitudes (filled circles) are plotted along with the regression curves (solid lines). Fig. 9b presents the residuals of curve fitting for both simultaneous and forward-masking functions. A relatively flat distribution of the residuals, as well as high coefficients of determination (r 2 ), demonstrate that the chosen mathematical models provided a good description of the time course of the acoustic-electric interactions. For cases of monotonic recovery functions, the magnitude of the non-contributing enhancement component (A 3 ) was set to zero, and the model (Eq. (2)) was accordingly reduced to a two-component exponential decay function. High-rate electric pulse trains produced post-stimulatory effects on the ECAP that appeared to follow a time course similar to the effects of an acoustic noise masker. We therefore sought to determine whether the time course of forward masking could be described by the same mathematical model for both types of masker stimuli (acoustic and electric). Based on the acoustic forward-masking data presented above, a quantitative description of electric forward-masking functions was performed using a three-component exponential decay function with two recovery components and one enhancement component (see Eq. (2)). Fig. 10 presents examples of curve fits obtained using this model. The recovery functions, which could assume different shapes, were categorized according to the model components. The proposed three-component model was found to be adequate for the description of the majority of recovery functions (Fig. 10a-e) . In some cases, one or two components of the model could be set to zero and still provide good fits. This includes one-and two-component monotonic recovery functions (Fig. 10a-c) and non-monotonic forward masking functions that did not have a rapid recovery phase (Fig. 10d) . In other cases, all three components were evident (Fig. 10e) .
In four of nine subjects, ECAP electric forward-masking functions featured a prolonged period of enhancement after offset of the masker. An example of such a recovery function is shown in Fig. 10f . After masker offset, ECAP amplitudes underwent a fast increase to values exceeding the control (unmasked) response amplitudes and remained elevated for about 100 ms. As this phenomenon occurred on a longer time scale compared to the range of values of the enhancement time constant s p3 (see below), we did not use the three-component recovery model to try to fit such forward-masking functions. Fig. 11 presents a summary of time constants that described simultaneous (a) and forward (b) masking of the ECAP with 400 ms noise bursts, and forward masking with high-rate electric pulse trains (c). The time constants of acoustic and electric masking were obtained by a regression analysis of data from twelve and nine subjects, respectively. Fig. 11 also demonstrates the ranges of time constants that described single-fiber response adaptation to and recovery from acoustic stimulation, obtained in the gerbil by Westerman and Smith (1984) and Smith (1977) , respectively.
The two time constants that described simultaneous masking of the ECAP with noise in the present study (4.54 ± 1.76 and 92.8 ± 51.4 ms) were comparable to the ranges of time constants of rapid-and short-term singlefiber response adaptation reported by Westerman and Smith (1984) (1-10 and 20-89 ms, respectively). The short-term recovery time constant obtained by the regression analysis of our ECAP forward-masking data (s p2 = 104 ± 50.1 ms) was consistent with the range of single-fiber recovery time constants (40-310 ms) reported by Smith (1977) . The time constants that described simultaneous and forward masking of the ECAP by acoustic noise did not exhibit any systematic dependence on the masker stimulus level, as correlation coefficients (r 2 ) between the values of the time constants and masker levels were smaller than 0.10. Although the group data demonstrate that the rapid recovery time constant (s p1 = 3.07 ± 1.33 ms) and the enhancement time constant (s p3 = 6.70 ± 3.43 ms) were similar, in each individual case s p3 had a greater value than s p1 .
For electric masker stimuli, the mean values of time constants that described rapid, short-term recovery and enhancement components of the forward-masking functions, were s p1 = 2.77 ± 2.14 ms, s p2 = 120 ± 81.1 ms, and s p3 = 10.5 ± 7.22 ms, respectively (see Fig. 11c ). Comparison with regression analysis of acoustic forward masking shown in Fig. 11b indicates that recovery of the ECAP is very similar for the two modes of stimulation.
We also examined the dependence of time-constant estimates of electric forward masking on masker-to-probe level ratios (I m /I p ). While s p1 and s p3 did not exhibit any systematic change with stimulation level, the values of s p2 were found to be significantly greater at higher masker-to-probe ratios (r 2 = 0.73), corresponding to a slower recovery. That is, the short-term recovery time constant (s p2 ) increased with a relative increase in the masker level. Non-monotonic recovery functions, for which the enhancement time constant s 3 was defined, were only obtained at I m /I p 6 1.0.
Discussion
Summary of results
The results presented in this study demonstrate that, in hearing subjects, responses to acoustic and electric stimuli could functionally interact at the level of the auditory nerve. Acoustic stimulation (masker) produced a decrease in ECAP amplitude in response to electric stimuli (probe) presented simultaneously, as well as after the cessation of the acoustic stimulus. The simultaneous masking effect of acoustic noise on the ECAP exhibited a maximum at the masker onset and then gradually decreased to a steady state. The time course of simultaneous masking could be described by a double decaying exponential function. The effects of acoustic stimulation on the ECAP were level and duration dependent. In general, greater simultaneous and post-stimulatory effects were observed at greater masker levels and durations. Fixed-level maskers had greater simultaneous and post-stimulatory effects on lower-level probe stimuli. Post-stimulatory effects of acoustic noise on the ECAP often followed a non-monotonic time course. The time course of ECAP forward masking in such cases could be described by a three-component exponential function with two recovery and one enhancement component.
ECAP recovery from masking with high-rate electric pulse trains was found to be similar (in terms of the shapes of the recovery functions and the time constants that described them) to ECAP recovery from masking with acoustic noise. Furthermore, a non-monotonic time course of ECAP recovery was observed in both hearing subjects and in subjects acutely deafened with furosemide or neomycin.
Comparison with other relevant ECAP and single-fiber studies
For a better understanding of mechanisms that contribute to the observed peripheral acoustic-electric interactions, it is important to consider our findings within the context of other relevant gross potential and single-unit studies of the auditory periphery. Miller et al. (2000) and Abbas et al. (2001) demonstrated that continuous presentation of broadband acoustic noise could produce a reduction in ECAP amplitudes in response to electric pulses. Miller et al. (2000) found that this simultaneous masking Vertical shaded bars correspond to the ranges of adaptation and recovery time constants, obtained in the gerbil by Westerman and Smith (1984) and Smith (1977) , respectively.
effect was larger for lower-intensity probe pulses. Our results for the steady-state effect of noise on the ECAP (see Fig. 3b ) agree with that observation. One explanation for this level effect is that a relatively low intensity probe stimulus is less likely to overcome the increase in excitation threshold in ANFs due to a state of relative refractoriness following acoustically evoked spikes. Abbas et al. (2001) demonstrated that relatively long bursts of acoustic noise (on the order of a minute) could produce decrements in ECAP amplitudes in response to electric pulses presented following the offset of the noise stimulus, with ECAP recovery time on the order of one minute. The present study did not address such long-term effects, instead focusing on temporal interactions spanning hundreds of milliseconds. We showed an effect of noise duration on post-stimulatory ECAP recovery for noise durations of 200 and 1600 ms (see Fig. 5 ). The data of Abbas et al. (2001) suggest that greater noise durations might cause a slower recovery of the ECAP. Killian (1994) and Killian et al. (1994) addressed forward masking of the ECAP in guinea pigs using 100-300 ms sinusoidal electric maskers. Using 5 ms 15 kHz electric sinusoids and 20 ls/phase biphasic electric pulses, they reported trends similar to the findings of our study. Specifically, they observed greater ECAP masking and slower recovery at higher masker and lower probe levels (cf. Fig. 6 ). They also reported occasional non-monotonic recovery functions that had a comparable time course to those presented in this manuscript. The recovery characteristics of the ECAP reported by Killian (1994) were very similar in cochleae with and without functional hair cells (cf. Figs. 7 and 8 ). In addition, he observed enhancement of the ECAP following stimulation with relatively low frequency (50-400 Hz) sinusoidal electric maskers. While the origin of this phenomenon is unknown, it may be related to the prolonged post-masking enhancement of the ECAP observed in some of our experiments (see Fig. 10 ).
ECAP measures of acoustic-electric interactions presented in this manuscript as well as in our earlier study were paralleled by single-fiber studies of Abbas et al. (2003 Abbas et al. ( , 2004 and Miller et al. (2004 Miller et al. ( , 2005a Miller et al. ( , 2005b . These studies, performed on acute cat preparations, investigated how wideband acoustic noise modified ANF responses to 250 pps electric pulse trains. Despite inherent differences in the methods of measurement, the results of the aforementioned single-fiber studies are by and large consistent with the ECAP data presented here. Specifically, an acoustic stimulus produced an increase in spike rate, which was greatest immediately following the noise onset, and which was followed by a gradual asymptote to an approximately steady state . Such a time course is consistent with that of simultaneous masking of the ECAP (see Figs. 2 and 3) , and with expected changes in acoustically evoked activity due to rapid and short-term adaptation (Kiang et al., 1965; Westerman and Smith, 1984) . Measures of ANF firing synchrony to electric probe pulses demonstrated that noise stimulation also produced a simultaneous desynchronizing effect, as evidenced by increased jitter and decreased vector strength .
Post-stimulatory effects of acoustic stimulation on ANF responses to electric pulses included a decrease in spike rate and an increase in firing synchrony . Changes in these response properties were found to be related to acoustically driven activity (firing rates) during noise stimulation . It is expected that post-stimulatory changes in spike counts and synchrony would have opposite effects on ECAP amplitude. There is some evidence that these properties might recover at different rates following noise onset . This difference could account for the non-monotonic shape of ECAP forward-masking functions (see Figs. 2 and 3) . Miller et al. (2005b) observed synchrony enhancements in single unit responses to probe electric pulses presented after stimulation with a broadband acoustic masker. They noted that such post-stimulatory synchrony enhancements could be observed in fibers with little to no spontaneous activity. This finding is inconsistent with the hypothesis that attributes post-stimulatory synchrony changes to cessation and recovery of inner hair cell spontaneous activity. It is, however, consistent with the result of the present ECAP study, where non-monotonic ECAP recovery could be observed in cochleae with the function of hair cells compromised by ototoxic treatment (see Figs. 7 and 8) . While the mechanisms that might account for these phenomena are unknown, they are likely to be localized to the neuronal membrane of the ANFs.
The single-fiber studies of Abbas et al. (2004) and Miller et al. (2004 Miller et al. ( , 2005b demonstrated that simultaneous, as well as post-stimulatory, changes in ANF firing rate and synchrony in response to electric probe pulses were more pronounced at higher acoustic stimulus levels and longer durations. This is consistent with the level-and durationdependent trends observed in simultaneous and forward masking of the ECAP (see Figs. 3 and 5 ).
Interpretation of the temporal aspects of acousticelectric interactions in the auditory nerve
As noted above, we described the time course of simultaneous and forward masking of the ECAP using exponential equation-based phenomenological models (see Eqs. (1), (2)). This is illustrated as schematic curves in Fig. 12a . Fig. 12b examines how individual components of these curves would affect ECAP amplitude over time. With the proposed phenomenological models in mind, and considering the single-fiber data discussed above, changes in the ECAP amplitude during and after stimulation with acoustic noise may be interpreted as follows.
Presentation of acoustic noise produces a net increase in the ANF firing rate (acoustically driven activity). Such an increase in activity does not enhance the amplitude of the ECAP, as the timing of the fibers' response to noise is not related to the timing of the probe pulse used to elicit the ECAP. Each fiber's discharge to the acoustic stimulus is followed by a refractory period during which the fiber's responsiveness to the probe is decreased. The refractoriness of ANFs due to acoustically evoked spikes contributes to the decrease of the ECAP, as fewer fibers discharge in response to the probe electric pulse once it is presented. In addition, those ANFs that are in a state of relative refractoriness, but do respond to the probe, may be expected to respond with reduced synchrony (Rubinstein et al., 1999) and decreased amplitude of individual spikes . These changes on a single-fiber level would also negatively affect the amplitude of the ECAP.
The time course of simultaneous masking is consistent with the expected changes in the desynchronizing effect of noise on electrically evoked activity over time. Peri-stimulatory changes in rate and synchrony associated with acoustic stimulation are somewhat attenuated over time due to a decrease of neurotransmitter release from acoustically stimulated hair cells that constitutes synaptic adaptation (Westerman and Smith, 1984) . The amount of masking of the electrically evoked population response (the ECAP) decreases accordingly. The two exponential components of the simultaneous masking function (described by time constants s s1 and s s2 ; see Fig. 12 ) are therefore likely to represent rapid-and short-term components of auditory nerve response adaptation to the acoustic masker. The constant term (A ss ) then corresponds to the amount of masking produced by the acoustic stimulus when the auditory periphery is in the adapted state, i.e., during steady-state acoustically driven activity.
The time course of forward masking may be approximated as a combination of three exponential processes. When the noise is turned off, there is a decrease in the rate of ANF firing to probe pulses, presumably as a result of neural adaptation to the noise stimulation. This results in a decrease of ECAP amplitude in response to the probe presented shortly after the noise onset (until the fibers fully recover from adaptation). The two exponential components that provide for ECAP increase over time (described by time constants s p1 and s p2 ; see Fig. 12 ) may reflect increases in driven rate associated with rapidand short-term phases of recovery from ANF membrane adaptation.
The third exponential component of the forward-masking function, associated with time constant s p3 , is indicative of a process that acts to decrease the ECAP amplitude over time, following the masker offset. One mechanism that could produce such an effect is transient depression of spontaneous activity, followed by the recovery of spontaneous release of neurotransmitter by hair cells after the offset of the noise burst (Kiang et al., 1965; Harris and Dallos, 1979) . As a result, those ANFs that do fire in response to the electric probe stimulus shortly after the acoustic masker stimulus offset may do so with a relatively greater synchrony, therefore increasing the magnitude of the population response (ECAP) immediately after the masker offset. Thus, a post-stimulatory increase in firing synchrony that contributes to an enhancement of the ECAP amplitude, coupled with the opposite effect of membrane adaptation on firing rate, may determine the non-monotonic post-stimulatory recovery of the ECAP. As rate and synchrony undergo recovery over time, their effects on the ECAP are diminished, and the ECAP amplitude eventually recovers as well.
The same explanation may be applied to the non-monotonicity of ECAP recovery from electric maskers in hearing subjects (see Fig. 6 ), as a high-rate electric masker may directly depolarize inner hair cells and cause them to release the neurotransmitter (van den Honert and Stypulkowski, 1984) . From that perspective, synaptic adaptation and a subsequent transient decrease in auditory nerve spontaneous activity may be expected following the offset of the electric masker.
The acute effects of furosemide or neomycin on spontaneous activity within the auditory nerve were not directly evaluated in the present study, as single-unit activity was not assessed. While some across-subject variability of the ototoxic treatments is inevitable, we used a rather strict criterion for inclusion of subjects in the experiments (a minimum of 60 dB acoustic sensitivity threshold shift). The chemical treatments may be expected to produce a significant reduction in spontaneous activity of the ANFs, as demonstrated by Sewell (1984a Sewell ( , 1984b and Searchfield et al. (2004) for acute administration of furosemide. While Shepherd and Javel (1997) noted that spontaneous activity might still be present in ANFs following acute aminoglycoside deafening, they suggested that such spontaneous activ- ity had a non-synaptic origin. Litvak et al. (2001) reported spontaneous activity in 13 out of 106 single units studied in acutely deafened preparations. In the single-fiber studies of Miller et al. (2001) and Litvak et al. (2003) , none of the ANFs from which recordings were made (n = 37 and n = 138, respectively) exhibited spontaneous activity following acute aminoglycoside deafening. This suggests that while spontaneous activity in aminoglicosyde-deafened ears cannot be ruled out, it is likely to be diminished following acute aminoglycoside administration.
Non-monotonic electric forward masking functions obtained in subjects acutely deafened with furosemide or neomycin (see Figs. 7 and 8) suggest that post-stimulatory changes in hair-cell spontaneous activity cannot fully explain the non-monotonic pattern of ECAP recovery. While consistent with the general hypothesis of post-masking changes in ANF firing synchrony, this implies an additional mechanism, independent of the synaptic activity of hair cells, which affects temporal response properties of the ANFs during recovery from masking and contributes to its non-monotonic time course.
Clinical relevance and future directions
The acoustic-electric interactions that were observed in the present experimental study could potentially occur in CI patients with residual acoustic hearing. It should be noted that most of the data presented in this study were collected using relatively high-level electric probe stimuli. The probe pulses elicited ECAPs with amplitudes corresponding to at least 40% of saturation amplitude, i.e., well above ECAP thresholds. In CI users, ECAP thresholds are consistently higher than behavioral thresholds, and are often comparable to maximum comfortable stimulation levels (Brown et al., 1998 (Brown et al., , 2000 Eisen and Franck, 2004) . This difference may limit the potential clinical relevance of the present study.
Another important difference between the experimental animal model used in this study and human EAS patients is the expected degree of overlapping of acoustically and electrically stimulated ANF populations within the cochlea. For our animal model of combined electric-acoustic stimulation, normal-hearing subjects were used. The surgical procedures were designed to preserve acoustic hearing as much as possible, so that a relatively large population of ANFs would be responsive to both stimulus modalities. In the case of human EAS patients, on the other hand, there is likely to be a spatial segregation of fibers within the auditory nerve that are responsive to acoustic and electric stimuli (Wilson et al., 2003) . Consequently, such interactions might be limited, particularly in CI patients implanted with short electrode arrays (6 or 10 mm insertion depth). Such a shallow electrode insertion may result in stimulus segregation at the level of the auditory nerve. Indeed, in a study by Abbas et al. (2005) , no physiological evidence was found for peripheral acousticelectric interactions -or even electrophonic responsesin EAS patients implanted with short (10 mm insertion depth) electrode arrays.
There is a growing body of evidence that EAS is more beneficial for CI patients with residual hearing than either electric or acoustic stimulation alone (von Ilberg et al., 1999; Turner et al., 2004; Kiefer et al., 2005) . This indicates that even if the stimuli delivered to the ear by the CI and the HA are conveyed by the auditory nerve independently, integration of information provided by the two modes of stimulation does take place in the central auditory system.
Peripheral electric-acoustic interactions are more likely to take place in EAS patients with CIs implanted to a greater insertion depth (around 20 mm). Moreover, it has been suggested that residual low-frequency hearing may be preserved with even deeper electrode insertion (James et al., 2005) . Also, it is likely that as speech perception abilities in CI users continue to improve with newer devices and speech processing strategies, the acceptable levels of residual hearing in EAS candidates may expand further as well (Copeland and Pillsbury, 2004) . Thus, understanding the physiological phenomena associated with ANF responses to simultaneous acoustic and electric stimulation is an important issue for EAS patients with greater levels of residual hearing and deeper electrode array insertion. It may be helpful for improving the processing of both electric and acoustic stimuli delivered to such patients by CIs and HAs, respectively.
The present work provides a basis for further investigation of neural mechanisms of adaptation and recovery and their contribution to acoustic-electric interactions in the auditory periphery. We hypothesized that continuous electric stimulation could affect temporal response properties of the ANFs by a mechanism independent of the synaptic activity of hair cells (see Figs. 7 and 8) . A single-fiber study by Miller et al. (2005b) has provided support for this hypothesis. It would be of special interest to address temporal properties of single unit responses (assessed as jitter and vector strength) to transient stimuli (electric pulses) following stimulation with electric adapters in hearing and deafened ears. This approach may help to determine the degree to which peripheral acoustic-electric interactions are specific to the two modes of stimulation and thus aid in the interpretation of the similarities and differences between ECAP recovery following acoustic and electric maskers, presented in our previous work and this study.
Future research using single-fiber measures can also be directed at establishing a relationship between the spatial pattern of excitation within the cochlea and acoustic-electric interactions. For this purpose, it is important to perform a systematic evaluation of the characteristic frequencies of the ANFs which exhibit responses to combined acoustic and electric stimuli. Information on the responding fibers' characteristic frequencies may be useful in the assessment of their origin within the cochlea and, consequently, allow to estimate their position relative to the intracochlear stimulus electrode.
